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Objectives:

• Cetacean	density	modeling
• Regional	marine	life	data	synthesis

…Data	needs	and	collaborative	possibilities
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Habitat-based cetacean density 
models for the U.S. Atlantic and 
Gulf of Mexico
Jason J. Roberts1, Benjamin D. Best1,2, Laura Mannocci1, Ei Fujioka1, Patrick N. Halpin1, 
Debra L. Palka3, Lance P. Garrison4, Keith D. Mullin5, Timothy V. N. Cole3, Christin B. Khan3, 
William A. McLellan6, D. Ann Pabst6 & Gwen G. Lockhart7

Cetaceans are protected worldwide but vulnerable to incidental harm from an expanding array of 
human activities at sea. Managing potential hazards to these highly-mobile populations increasingly 
requires a detailed understanding of their seasonal distributions and habitats. Pursuant to the urgent 
need for this knowledge for the U.S. Atlantic and Gulf of Mexico, we integrated 23 years of aerial and 
shipboard cetacean surveys, linked them to environmental covariates obtained from remote sensing 
and ocean models, and built habitat-based density models for 26 species and 3 multi-species guilds 
using distance sampling methodology. In the Atlantic, for 11 well-known species, model predictions 
resembled seasonal movement patterns previously suggested in the literature. For these we produced 
monthly mean density maps. For lesser-known taxa, and in the Gulf of Mexico, where seasonal 
movements were less well described, we produced year-round mean density maps. The results revealed 
high regional differences in small delphinoid densities, confirmed the importance of the continental 
slope to large delphinoids and of canyons and seamounts to beaked and sperm whales, and quantified 
seasonal shifts in the densities of migratory baleen whales. The density maps, freely available online, 
are the first for these regions to be published in the peer-reviewed literature.

The International Whaling Commission placed a moratorium on commercial whaling in 1986, curtailing the big-
gest direct anthropogenic threat to many cetacean populations. But other threats have persisted, such as bycatch 
in fisheries1, ship strikes2, oil spills3,4, and other pollutants5. New threats have been recognized, including naval 
active sonar6–8, other anthropogenic sources of noise9,10, and climate change11. In the United States, national 
laws protect cetaceans. The Marine Mammal Protection Act (MMPA) prohibits intentional or incidental killing, 
injuring, or harassment of cetaceans and specifies the circumstances and rules under which permits may be 
issued for such activities. The Endangered Species Act (ESA) prohibits harm to species threatened with extinc-
tion, including 16 cetacean species, and requires conservation of their habitat. The National Environmental Policy 
Act (NEPA) specifies the process by which U.S. national government agencies must evaluate the potential envi-
ronmental effects of their actions, consider alternatives, and conduct public reviews. Agency actions that involve 
decisions to issue permits under the MMPA or ESA are usually subject to this process.

To evaluate the potential effects of proposed activities on cetacean populations, interested parties require a 
detailed understanding of the spatiotemporal distributions of these populations. Recent developments have cre-
ated an urgent need for this information in U.S. waters of the Atlantic and Gulf of Mexico, when the U.S. Bureau 
of Ocean Energy Management (BOEM) proposed to open a large portion of the Atlantic continental shelf to oil 
and natural gas development and to expand oil and gas leasing in the Gulf of Mexico. Concurrently, the U.S. Navy 
began development of a new Environmental Impact Statement assessing the effects of training activities proposed 
for a large portion of the western North Atlantic, while the National Marine Fisheries Service (NMFS) proposed 
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Marine	mammal	aggregation	data	overview



Cetacean	habitat	modeling	process

Data

Information

1: observation data aggregation

2: fusion with oceanographic data

3: statistical modeling

4: model product development



Dynamic oceanographic predictor variables

currents, eddys & kinetic energy 

sea surface temperature

chlorophyll a



Physical	oceanographic	predictors
Predictor Description
SST Taken	from	GHRSST CMC	2.0	L4	0.2° daily	SST,	

interpolated	up	to	10	km	resolution
DistToFront Distance	to	closest	SST	front	detected	in	CMC SST	using	

Canny	edge	detection	operator.	Tested	several	
alternative	formulations.

DistToEddy,	
DistToAEddy,
DistToCEddy

Distance	to	ring	of	closest	geostrophic eddy	having	
any/anticyclonic/cyclonic	polarity,	from	Chelton	et	al.	
(2011)	database.	Tested	eddies	at	least	9	weeks	old,	at	
least	4	weeks	old,	and	without	a	minimum	age.

TKE,	EKE Total	kinetic	energy	and	eddy	kinetic	energy	derived	
from	AVISO	1/4° DUACS	2014	geostrophic	currents,	
interpolated	up	to	10km	resolution

WindSpeed 30 day	running	mean	of	NCDC	1/4° Blended	Sea	Winds



Identify	fronts	in	SST	images

~120	km

AVHRR	Daytime	SST	
03-Jan-2005

28.0	°C

25.8	°C

Mexico

Front

Cayula and	Cornillion (1992)	edge	detection	algorithm

Fr
eq
ue
nc
y

Temperature

Optimal	
break	
27.0	°C

Strong	cohesion	
à front	present

Step	1:	Histogram	analysis

Step	2:	Spatial	cohesion	test

Weak	cohesion	
à no	front

Bimodal

Example	output

Mexico

ArcGIS	model

MGET:	Marine	Geospatial	Ecology	Tools
Roberts	et	al.	2010	



Detecting	sea	height	anomalies	&	eddys

SSH anomaly

Aviso DT-MSLA	27-Jan-1993		
Red:	Anticyclonic Blue:	Cyclonic

Okubo-Weiss Detection algorithm Derived eddy features

Dynamic	oceanographic	covariates



Winter Summer

Humpback	whales



Humpback whale, predicted daily to illustrate dynamics

Formal result was 12 monthly summary maps



Data Needs and Collaborative Opportunities

Ocean	circulation	models	and	
observations	to	improve	cetacean	
model	predictors
• Improve	resolution
• Hindcasting,	Forecasting

Becker	et	al.	2016	



Objectives:

• Cetacean	density	modeling
• Regional	marine	life	data	integration



Marinelife Data	&	Analysis	Team

MDAT

We are working on 
preparing data for the 
region but there is no 
official RPB planning 
process underway.



Duke-MGEL

NOAA-NCCOS NOAA-NEFSC
seabirds fish

marine mammals
sea turtles

seabird products

seabird
abundance models

mammal & turtle products

cetacean
abundance models

fish products

fish
abundance models

regional data sets regional data sets

existing 
data & models

existing 
data & models

existing 
data & models

We have created more than 3,500 model outputs / map layers for the North East & 
Mid-Atlantic regional ocean plans.



Mammal base product – Humpback whale 
(Megaptera novaeanglia)
density & uncertainty Photo:	SBNMS

NMFS	Permit	#605-1904



Avian base product – Surf Scoter (Melanitta
perspicillata)
Abundance & Uncertainty

Photo:	NOAA	NMS



Species	Groups:	Ecological,	Biological,	Management-relevant



Southhall, B. et al. 2007. Marine Mammal Noise 
Exposure Criteria: Initial Scientific Recommendations. 
Aquatic Mammals.

High frequency cetaceans

Low-frequency cetaceans Mid-frequency cetaceans
Groups: Cetacean sound use & potential sensitivity to masking



Avian	Abundance
High	Displacement	Risk	Species



MDAT:	Distribution	and	
abundance	of	marine	
mammals,	turtles,	birds	and	
fish

Mid-Atlantic	
region

North	East	
region

Broad,	regional	approach
• Consistent
• Seamless
• Multi-scale	

SE	region?
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A
bstract 

In 2011, the U
.S. N

ational O
ceanic and A

tm
ospheric 

A
dm

inistration (N
O

A
A

) convened a w
orking group 

to develop tools to m
ap hum

an sources of underw
a-

ter noise w
ithin U

.S. w
aters. The specifi c objective of 

the N
O

A
A U

nderw
ater Sound Field W

orking G
roup 

(SFW
G

) w
as to create m

apping m
ethods to depict the 

tem
poral, spatial, and spectral characteristics of 

underw
ater noise. These tools used environm

ental 
descriptors and the distribution, density, and acoustic 
characteristics of hum

an activities w
ithin U

.S. w
aters 

to develop fi rst-order estim
ates of anthropogenic noise 

levels for m
ultiple depths and m

ultiple frequencies. 
Predicted received levels w

ere expressed as equiva-
lent (tim

e averaged) sound pressure levels (L
eq ) w

ith 
averaging tim

es refl ecting appropriate tim
escales for 

different categories of activity. The prim
ary m

apping 
products w

ere annual average level predictions w
ith 

contributions from
 “chronic” anthropogenic sources 

of underw
ater noise (e.g., m

erchant shipping and 
sustained offshore energy exploration) w

ithin the 
w

aters of the continental U
.S., H

aw
ai’i and A

laska.  
Secondarily, m

apping efforts w
ere conducted for four 

localized and transient events that are m
ore episodic 

or seasonal; these w
ere selected to refl ect m

ajor acute 
sources of hum

an-induced noise in areas of biological 
im

portance to m
arine m

am
m

als, including 1) a m
ilitary 

active sonar training exercise in H
aw

ai’i, 2) a period of 
seism

ic exploration in the Beaufort Sea, 3) the instal-
lation of an alternative energy platform

 off N
ew

 Eng-
land, and 4) the decom

m
issioning of an oil platform

 in 
the G

ulf of M
exico.  Finally, exploratory analyses w

ere 
undertaken to identify the aggregate contributions of 
coastal hum

an activities to nearshore acoustic environ-
m

ents. Collectively, these tools w
ill inform

 m
apping 

efforts integral to em
erging U

.S. O
cean Policy (e.g., 

com
prehensive Coastal and M

arine Spatial Planning). 
In conjunction w

ith tools developed to characterize 
cetacean distribution and density, noise m

aps w
ill 

enable characterization and m
anagem

ent of cum
ulative 

noise im
pacts for these and other m

arine species. 

B
ackground

In a January 19, 2010 letter to the President’s Council on 
Environm

ental Q
uality, N

O
A

A A
dm

inistrator D
r. Jane 

Lubchenco com
m

itted to im
proving the tools used by the 

agency to evaluate the im
pacts of underw

ater noise on 
cetacean species.  A

s a result, tw
o product-driven w

orking 
groups w

ere convened in January 2011: the Underwater 
Sound-fi eld M

apping W
orking Group and the Cetacean 

Density and Distribution M
apping Group.  

For m
ore inform

ation see:  
H

arrison et al. (2011) “The N
O

A
A Cetacean D

ensity 
and D

istribution M
apping W

orking G
roup: D

eveloping 
Com

prehensive G
eospatial Tools to A

ssist M
anagem

ent 
in Im

pact A
nalyses of Cetaceans in U

S EEZ W
aters.” 

Poster Presentation, Biennial M
eeting Society for

M
arine M

am
m

alogy; and 
http://w

w
w.st.nm

fs.noaa.gov/cetsound 

N
ext Steps

The U
nderw

ater Sound Field W
orking G

roup w
ill 

fi nalize its products in February 2012. M
ethods for 

integration w
ith products from

 the Cetacean 
D

istribution and D
ensity W

orking G
roup and 

interpretation for m
anagem

ent w
ill be the purpose 

of a follow
-on sym

posium
 planned for M

ay 2012 in 
W

ashington D
.C. This sym

posium
 w

ill include 
m

em
bers of each w

orking group as w
ell as a larger 

audience of scientists, environm
ental non-governm

ent 
organizations, industries, federal agencies, and 
conservation m

anagers.

A
cknow

ledgem
ents

W
e are grateful for fi nancial support for this effort 

provided by U
.S. N

O
A

A and U
.S. N

avy to H
eat, Light 

and Sound Research, Inc., and for additional funding 
provided by D

okum
entes des M

eeres to C. K
appel. 

In addition, w
e are grateful to the Cum

ulative Effects 
W

orking G
roup (convened by U

C Santa Barbara) 
and JA

SCO
 A

pplied Sciences for providing access to 
m

odeling results from
 the Beaufort Sea. Finally, the 

w
orking group chairs (L. H

atch and B. Southall) thank 
all participants for the tim

e and enthusiasm
 they have 

provided for this effort.

The U
nderw

ater Sound Field M
apping W

orking G
roup, O

ctober 2011

Figure 1B.  Predicted average annual noise 
contributions from

 m
erchant shipping to 

low
-frequency noise levels also provide a 

background for understanding the acoustic 
infl uence of localized proposed activities, 
such as off the coast of the N

ortheastern U
.S.

M
ethods and Prelim
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esults

Figure 1A
. Com

prehensive m
arine spatial planning requires m

apping chronic background noise levels arising from
 offshore hum

an activities over scales 
relevant to long-term

, regional-scale decision-m
aking. For exam

ple, predicted average annual noise contributions from
 m

erchant shipping to low
-frequency 

noise levels can be integrated w
ith other hum

an-induced m
arine environm

ental stressors to evaluate potential cum
ulative im

pacts associated w
ith proposed 

use scenarios (e.g., siting new
 offshore energy installations, creating new

 m
arine protected areas, shifting com

m
ercial vessel traffi c patterns).

Figure 2.  Cum
ulative im

pact assessm
ent of short-term

 
but relatively high-intensity acoustic events often fall 
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ere active 
during operations.  H

ere, predicted noise levels due to three 
concurrent geophysical seism

ic exploration surveys in the 
Beaufort Sea allow
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M
arine M

am
m

alogy; and 
http://w

w
w.st.nm

fs.noaa.gov/cetsound 

N
ext Steps

The U
nderw

ater Sound Field W
orking G

roup w
ill 

fi nalize its products in February 2012. M
ethods for 

integration w
ith products from

 the Cetacean 
D

istribution and D
ensity W

orking G
roup and 

interpretation for m
anagem

ent w
ill be the purpose 

of a follow
-on sym

posium
 planned for M

ay 2012 in 
W

ashington D
.C. This sym

posium
 w

ill include 
m

em
bers of each w

orking group as w
ell as a larger 

audience of scientists, environm
ental non-governm

ent 
organizations, industries, federal agencies, and 
conservation m

anagers.
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Figure 1B.  Predicted average annual noise 
contributions from

 m
erchant shipping to 

low
-frequency noise levels also provide a 

background for understanding the acoustic 
infl uence of localized proposed activities, 
such as off the coast of the N

ortheastern U
.S.

M
ethods and Prelim

inary R
esults

Figure 1A
. Com

prehensive m
arine spatial planning requires m

apping chronic background noise levels arising from
 offshore hum

an activities over scales 
relevant to long-term

, regional-scale decision-m
aking. For exam

ple, predicted average annual noise contributions from
 m

erchant shipping to low
-frequency 

noise levels can be integrated w
ith other hum

an-induced m
arine environm

ental stressors to evaluate potential cum
ulative im

pacts associated w
ith proposed 

use scenarios (e.g., siting new
 offshore energy installations, creating new

 m
arine protected areas, shifting com

m
ercial vessel traffi c patterns).

Figure 2.  Cum
ulative im

pact assessm
ent of short-term

 
but relatively high-intensity acoustic events often fall 
short of including the full suite of sources that w

ere active 
during operations.  H

ere, predicted noise levels due to three 
concurrent geophysical seism

ic exploration surveys in the 
Beaufort Sea allow

 m
anagers to better approxim

ate the result-
ing sound fi eld experienced by seasonally resident species.

Frequency: broadband 10H
z-1kH

z; Total sound exposure level (SEL) over full pulse 
duration (sum

m
ed for all sources); M

ax Level over D
epth (2 m

 to local ocean depth); 
G

rid size: ~2.5 km
 x 2.5 km

; Source D
ata: Public com

prehensive reports on 2008 
season activities. 
Propagation M

odeling Param
eters: R

AM
 Parabolic Equation (C

ollins, 1993) w
ith 

com
plex density seafl oor interface approxim

ation (Zhang and Tindle (1995)). 
Environm

ental Variables: Bathym
etry from

 G
IN

A database; Sound Speed Profi le 
from

 G
D

EM
 database (Teague et al., 1990); Seabed properties from

 JASVO
 

technical references.

Frequency: 50 H
z; D

uration: average annual L
eq ; D

epth: 5 m
; G

rid size: 1ºN
x1ºW

 (Figure 1A), ~10km
 x 10km

 (Figure 1B); Source D
ata: U

.S. Voluntary O
bserving Ship (VO

S) reporting data 2004-5.  Based on source 
level of “M

erchant Vessel” ship-type at 6 m
 depth (R

enner, W
. W

. (1986). Am
bient N

oise D
irectionality Estim

ation System
 (AN

D
ES) Technical D

escription, Science Applications Int. C
orp, SAIC

-86/1645).
Propagation M

odeling Param
eters: Kraken N

orm
al M

odes (Porter and R
eiss, 1984, 1985; Porter, 1991).

Environm
ental Variables: Bathym

etry from
 SR

TM
30 (D

avid T. Sandw
ell, W

alter H
. F. Sm

ith, and Joseph J. Becker, 2008) and ETO
PO

2 (U
.S. G

eological Survey, 2004); Sea surface roughness based on 10-knot w
ind 

speed; Seabed from
 N

C
EAS conversion of dbSEABED

 into “hard” and “soft” bottom
 types (H

alpern et al. 2008); Sound-speed profi les from
 W

O
A “Annual Average” (W

orld O
cean D

atabase 2005. S. Levitus, Ed., 
N

O
AA Atlas N

ESD
IS 60, U

.S. G
overnm

ent Printing O
ffi ce, W

ashington, D
.C

.).
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The maritime boundaries and limits shown hereon,
as well as the divisions between planning areas,
are for initial planning purposes only and do not
necessarily reflect the full extent of U.S. sovereign
rights under international and domestic law.
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Data Needs and Collaborative Opportunities

• Regional	biological	data	synthesis
• Extend	MDAT	work	to	the	Southeast
• IOOS	BDP
• SALCC	Conservation	Blueprint	

• Marine	spatial	planning	suporting	management	needs
• Wind	energy	planning,	Seismic	survey	permitting

Jesse	Cleary
jesse.cleary@duke.edu
http://mgel.env.duke.edu


